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Introduction
Sedentary behaviour is considered as an important risk factor for developing non-communicable diseases, including cardiovascular disease, the main cause of mortality and morbidity in modern societies (Lee et al. 2012) . In contrast, there is growing body of evidence that low-to moderate-intensity physical activity increases muscle metabolic stability during exercise (Zoladz et al. 2013) , enhances health status in healthy people (Durand & Gutterman, 2014) and can be beneficial even to individuals with a high risk of adverse cardiovascular events (Dangardt et al. 2013) .
The positive effects of regular physical exercise on the cardiovascular system, in addition to the reduction of systemic risk factors (Joyner & Green, 2009) , include the positive impact of training on the bioavailability of endothelium-derived nitric oxide (NO • ; Laughlin et al. 2008; Green et al. 2014) . Nitric oxide is a major regulator of the cardiovascular system. In addition to its vasodilatory function (Furchgott & Zawadzki, 1980) , NO
• suppresses smooth cell proliferation (Huang et al. 1995) , inhibits platelet aggregation (Radomski et al. 1991) , suppresses leucocyte adhesion (Gauthier et al. 1994) and inhibits adhesion molecules (De Caterina et al. 1995) . Nitric oxide production and its bioavailability are associated with stability of the glycocalyx layer (Florian et al. 2003; Yen et al. 2015) . Integrity of the glycocalyx layer has been found to be essential for vascular homeostasis. It has been demonstrated that in critically ill patients, plasma levels of shed glycocalyx constituents are correlated with disease severity and mortality (Ostrowski et al. 2015) .
An intact glycocalyx layer, which serves as an interface between blood flow and endothelial cells, is composed of endothelial cell surface-anchored proteoglycans (especially of the syndecan family), to which highly sulfated glycosaminoglycans (mainly heparan and chondroitin sulfates) and hyaluronan are attached (Reitsma et al. 2007 ). The glycocalyx layer has an important regulatory role in maintenance of vessel tonus by sensing haemodynamical forces and transmitting them to the endothelial cells (Davies, 1995) . In addition to its role in mechanotransduction, the endothelial glycocalyx limits neutrophil adhesion to the endothelial surface, functions as a key regulator of fluid transit and is engaged in the regulation of the blood proteolytic cascade, the inflammatory response and angiogenesis (Reitsma et al. 2007; Schmidt et al. 2011) . Enzymatic degradation of the glycocalyx layer has been shown to inhibit NO
• production in response to shear stress (Florian et al. 2003; Yen et al. 2015) . Recently, Yen et al. (2015) measured NO
• production in vivo in microvessels during different flow conditions (low versus high) and confirmed that disruption of the glycocalyx is accompanied by a lack of increase in NO
• generation after an increase in flow. It should be mentioned that degradation of the glycocalyx layer is accelerated by reactive oxygen species (ROS) and oxidized lipoproteins, among other factors (see Reitsma et al. 2007) . Interestingly, glycocalyx degradation has no effect on production of prostacyclin (PGI 2 ), which is another important vasoactive substance produced by endothelial cells (Tarbell & Ebong, 2008) .
Endurance training has been shown to have a positive effect on the NO
• bioavailability and the functioning of the endothelium (Green et al. 2014) , mainly by increasing the expression of endothelial NO
• synthase (eNOS) and enhancement of antioxidant defence (Laughlin et al. 2008) . The beneficial influence of endurance training on endothelial function, which is largely related to an augmentation of shear stress during each exercise bout (Laughlin et al. 2008) , is present not only in the vascular beds of active muscles, but also in vasculature perfusing non-working skeletal muscles, the brain, viscera and skin (Padilla et al. 2011) . It should be mentioned that the protective effects of exercise on the cardiovascular system are also the consequence of an exercise-induced decrease in generally considered risk factors, such as blood lipids, hypertension and insulin resistance (Joyner & Green, 2009 ), all of which are capable of destroying the endothelial glycocalyx layer (Reitsma et al. 2007) .
Surprisingly, little is known regarding the effect of physical activity or endurance training on glycocalyx layer integrity in humans. In the present study, we have hypothesized that endurance training, through an improvement in antioxidant defence, will have a beneficial impact on the glycocalyx layer stability that might be linked to an increase in NO
• and PGI 2 bioavailability. Therefore, in the present study, we have evaluated J. Majerczak and others the effect of prolonged (20 weeks), well-controlled, moderate-intensity endurance training on the blood markers of glycocalyx shedding, selected parameters of redox homeostasis and oxidative stress symptoms, inflammation and the blood lipid profile, as well as NO
• -and PGI 2 -dependent function in healthy young men.
Methods

Ethical approval
The study was conducted with permission of the Ethical Committee (Commission for Bioethics at the Regional Medical Chamber in Krakow, opinion no. 48/KBL/OIL/2009), according to principles established in the Declaration of Helsinki for research on human subjects. The subjects in the studied group provided written informed consent to participate in the study.
Subject characteristics
The studied group consisted of 11 young, healthy men [mean ± SD: age, 22.4 ± 1.4 years; body mass, 76.3 ± 15.0 kg; height, 181 ± 8 cm; body mass index, 23.2 ± 3.8 kg m −2 ; and maximal oxygen uptake (V O 2 max ), 43.3 ± 4.8 ml min −1 kg −1 ]. They were untrained but physically active, i.e. before the study they regularly performed ß2 h per week of varied sports activities at a recreational level, including jogging, cycling and tennis. Additionally, before and after the training, the markers of glycocalyx integrity were measured in the basal state also in an age-matched control group (age, 22.9 ± 1.4 years; body mass, 73.4 ± 11.5 kg; height, 177 ± 6 cm; and body mass index, 23.3 ± 2.6 kg m −2 ), which consisted of 10 subjects.
Study design
The study started with a medical health examination, including general medical examination, basic blood clinical tests and ECG recording. The following exclusion criteria were applied: 20>age>30, involvement in professional training, poor health status, taking medicaments for chronic diseases, smoking addiction. After qualifying the subjects to the research group, all of them performed a maximal incremental exercise test (IT) (for details see next subsection) followed by 20 weeks of a moderate-intensity endurance training (ET) programme (described below), ending with a maximal incremental exercise test. The subjects were asked to avoid caffeinated or alcoholic beverages and to avoid taking any nutritional supplements during the training period.
Exercise protocols
Incremental exercise test. An incremental exercise test was performed on a bicycle ergometer (Ergo-Line GmbH & Co. KG 800 s, Bitz, Germany) following a 6 min resting period allowed to establish basal cardiorespiratory parameters. The exercise test was conducted at a pedalling rate of 60 r.p.m., starting from a power output (PO) of 30 W and followed by a gradual increase by 30 W every 3 min until exhaustion (Zoladz et al. 2013; Majerczak et al. 2014) . In order to avoid hypoglycaemic events, the incremental exercise tests were performed ß2 h after ingestion of a light meal (one roll with butter and ham, another with butter and cheese; ß500 kcal) composed of ß55% carbohydrates, ß25% fat and ß20% protein.
Endurance training protocol. Subjects participated in the 20 week moderate-intensity supervised endurance training programme on a cycle ergometer (Monark 874 E; Monark Exercise AB, Vansbro, Sweden), with four sessions per week, mainly involving continuous endurance bouts of cycling and some sessions of intermittent endurance cycling.
The continuous endurance bouts of cycling were performed twice per week, i.e. on Tuesdays and Fridays. The PO during these bouts of training corresponded to 90% of the oxygen consumption measured at a previously determined pretraining lactate threshold (90%V O 2 at LT), and it was gradually increased after completing the 5 weeks of training, as described below.
The intermittent endurance cycling protocol was performed on Mondays and Thursdays. This protocol comprised 6 min of cycling without resistance (unloaded cycling) and 3 min of cycling at the PO corresponding to 50% , repeated four times, and ended with 4 min of unloaded cycling. The PO corresponding to 50% was calculated for each subject according to the following formula: 50% = PO LT + 0.5(PO max − PO LT ) (Barstow et al. 1996) . The exercise intensity during this kind of training was also modified after 5 weeks of training, as described below.
The scaling of training intensity was based on the principle that main training workloads should be performed in the moderate exercise intensity domain (Whipp, 1996) in order to recruit predominantly type I muscle fibres (Sargeant, 1999) . Additionally, some of the training workload (ß14% of total training duration) was planned to be performed in the heavy exercise intensity domain (Whipp, 1996) in order to recruit some of the type II muscle fibres (Sargeant, 1999) . To maintain an adequate training stimulus, the PO was adjusted after the first 5 weeks of training and, subsequently, after each of the 5 week periods of the study. From the beginning of the sixth week until the end of the 10th week, the unloaded cycling in the intermittent endurance cycling sessions was replaced by cycling at 90% LT. During the next 5 weeks, the power output corresponding to 90% LT was increased by 5% in both the continuous and the Endurance training and endothelial glycocalyx integrity intermittent protocols (from week 11 to 15) and by 15% during the last 5 weeks of the training programme (from week 16 to 20). The endurance training programme was composed mainly of moderate-intensity cycling, because ß86% of its total duration was performed below the LT, i.e. at ß50% ofV O 2 max , and only ß14% of its total duration was performed in heavy-intensity domain at ß75% oḟ V O 2 max . The training sessions were conducted between 09.00 and 16.00 h, and each of them was supervised by one of the authors of this paper. The subjects began their training sessions ß2 h after a light meal.
Gas exchange variables
Gas exchange analysis was performed during all incremental exercise tests before and after the 20 week moderate-intensity endurance training programme. The oxygen uptake (V O 2 ) was recorded in order to determine theV O 2 -PO relationship and theV O 2 max before and after the training programme. Gas exchange variables were recorded continuously breath by breath using the Oxycon Champion (Mijnhardt BV, Bunnik, The Netherlands) starting from the sixth minute before exercise until the end of the test. The gas analyser was calibrated with certified calibration gases as previously described (Zoladz et al. 1995) . Data collected during the third minute at each level of PO until the last minute of exercise before exhaustion were used in the analysis.
Blood pressure and heart rate
Blood pressure was measured at rest before and after the training programme during the routine medical assessment using a sphygmomanometer (Welch Allyn, New York, USA). The heart rate during incremental cycling exercise and during each training session was monitored using a heart rate monitor (Polar S810; Polar Electro Oy, Kempele, Finland).
Blood sampling
Blood samples from an antecubital vein were taken at two time points: at rest in the fasting state, and in the final stage of the maximal incremental cycling exercise (in a fed state). The blood samples at these time points were taken both before and after the training programme.
Blood for analysis of basic haematological parameters and plasma parameters (except lactate; see Plasma lactate concentration section), i.e. Basic haematological parameters, lipid profile, CRP, F 2 -isoprostanes and NEAC were analysed in samples obtained at rest in the fasting state before and after the training programme. Glycocalyx layer stability markers (syndecan-1, heparan sulfate and hyaluronic acid), nitric oxide metabolites (nitrite and nitrate), 6-keto-PGF 1α , uric acid, TNF-α, sICAM-1 and sVCAM-1 concentrations were analysed at rest in the fasting state and in the final stage of the maximal incremental exercise in the fed state before and after the training programme.
Analysis of blood parameters
The lipid profile was analysed using a Cobas c501 analyser (Roche Diagnostics, Mannheim, Germany). Haematocrit, haemoglobin and erythrocytes were analysed by an optical method with an Advia 2120 automated haematological analyser (Siemens Healthcare Diagnostics, Tarrytown, NY, USA). C-Reactive protein was analysed using an immunonephelometric method (BN ProSpec; Siemens, Dade Behring Marburg, GmbH, Germany).
Estimation Majerczak et al. 2016) .
Plasma lactate concentration. Blood samples for plasma lactate analysis were taken at rest (before the incremental exercise test) and the end of each exercise stage (every 3 min) of the incremental exercise test, in order to establish the LT. Blood samples were transferred to 1.8 ml Eppendorf tubes containing 1 mg ammonium oxalate and 5 mg sodium fluoride, mixed for ß20 s and centrifuged at 1055g for 4 min. The supernatants containing blood plasma (ß0.2 ml) were stored at −40°C until further analysis of plasma lactate concentration (Vitros 250 Dry Chemistry System; Kodak, Rochester, NY, USA).
Plasma TNF-α concentration. The TNF-α concentration in plasma samples ([TNF-α] pl ) was assayed with a Quantikine HS enzyme-linked immunosorbent assay (ELISA) Kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer's instructions. The intensity of the colourful reaction was estimated as the optical density (OD) using the microplate reader Synergy4 (BioTek Instruments, Winooski, VT, USA). (Oxis International In. Foster City, CA, USA) according to the manufacturer's instructions following the extraction procedure. Briefly, 50 μl of plasma was mixed thoroughly with 1 ml of Folch solution chilled down to 0°C. Five hundred microlitres of 4.5 mmol l −1 MgCl 2 solution was then added, and the sample was vortexed for ß1 min. After spinning down the solution, the organic phase was collected and dried out in an argon atmosphere. The lipid pellet was dissolved in 50 μl of methanol containing 50 mg l −1 butylated hydroxytoluene (BHT) and alkalized with an equal volume of 15% w/v KOH solution. The sample was incubated at 37°C for 30 min and then acidified with 900 μl of 10 mmol l −1 HCl solution. The pH of each sample was checked and, whenever required, lowered down to 3 with 1 mol l −1 HCl solution. The sample was then loaded on a C18 column preconditioned with 1 ml of ethanol and equalized with 1 mmol l −1 HCl solution. Subsequent washes with 2 ml of 1 mmol l −1
HCl solution and 2 ml of heptane were then applied, and the bound material was eluted with ethyl acetate:heptane 1:1 v/v mixture. Forty milligrams of of crystalline sodium sulphate was then added to each sample. After mixing the liquid and spinning it down, it was transferred to a silica column preconditioned with 1 ml of methanol and equalized with 1 ml of ethyl acetate. The column was washed with 1 ml of ethyl acetate, and the bound material was eluted with an ethyl acetate:methanol 1:1 v/v mixture. The sample was dried out in an argon atmosphere, and the remaining solid material was dissolved in 100 μl of dilution buffer included in the assay kit. Competitive ELISA was performed exactly as in the assay manufacturer's protocol.
Urea 8-oxo-2 -deoxyguanosine concentration. The urea 8-oxo-2 -deoxyguanosine concentration was estimated in the basal state using a Cayman Chemical ELISA Kit (no. 589320) developed for the measurement of DNA/RNA oxidative damage, according to the manufacturer's instructions. The absorbance was measured at a wavelength 405 nm using microplate reader (BioTek R , Winooski, VT, USA). The 8-oxo-2 -deoxyguanosine concentration was calculated based on the standard cure, performed every time on the each tested plate, according to the protocol attached to the kit.
Muscle biopsy
Muscle biopsies were obtained under local anaesthesia (1% lignocaine hydrochloride; Polfa SA, Warszawa, Poland) from the right vastus lateralis of the quadriceps femoris muscle, ß15 cm above the upper margin of the patella, with a 2-mm-diameter biopsy needle (Pro-MagTM I 2.2; Angiotech, Vancouver, BC, Canada). The specimens were frozen immediately in liquid nitrogen and used for Western immunoblotting.
Mitochondrial superoxide dismutase 2 (SOD2) content
Protein extraction and measurements of the protein concentration in muscle extracts were performed as described previously (see Zoladz et al. 2014) . Skeletal muscle tissue extracts were stored at −80°C until further measurements. Gel lanes (4% stacking and 10% separating gel) were loaded with 15 μg of total protein in denatured protein extracts (#161-0737; BioRad, Hercules, CA, USA) with addition of 2.5% 2-mercaptoethanol. After electrophoresis, proteins were transferred at a constant voltage (35 V) at 4°C in transfer buffer to nitrocellulose membranes (Amersham Hybond TM ; GE TM Healthcare, Pittsburgh, PA, USA). Membranes were subsequently incubated overnight at 4°C with primary antibody specific to superoxide dismutase 2 (ADI-SOD-110F; Enzo Life Sciences, Inc., Farmingdale, NY, USA), diluted 1:1000 in 2% bovine serum albumin SA in Tris-buffered saline and 0.1% Tween 20 (TBST) and then incubated in secondary antibody (goat anti-rabbit ADI-SAB-300; Enzo Life Sciences) diluted 1:20,000 in 2% bovine serum albumin in TBST for 1 h, at room temperature. Chemiluminescent detection (ECL Western Clarity, #170-5060; BioRad) was performed in GeneGnome 5 (GeneSys 1.2.7.0; Syngene Bio Imaging, Cambridge, UK), and GeneTools Syngene (Cambridge, UK) analysis software was used for densitometric analysis. The values of SOD2 were normalized to an internal standard (human vastus lateralis extract of known protein concentration), which was run on the same gel to avoid a difference in sample loading. Data were presented in arbitrary units (a.u.).
Data analysis
Lactate threshold. The LT in this study was defined as the highest power output above which the plasma lactate concentration showed a sustained increase of > 0.5 mmol l −1 per step (Zoladz et al. 1995) .
Plasma volume change. The plasma volume change after the training (basal before training versus basal after training) and during exercise (basal versus end exercise) was calculated for each subject based on the haematocrit using Van Beaumont's equation (Van Beaumont, 1972) . Next, the concentrations of blood parameters measured at exhaustion were recalculated using the formula presented by Berthoin et al. (2002) . In the figures, the concentrations of variables measured at the PO reached atV O 2 max are shown after recalculation for the changes in plasma volume during incremental exercise (value corrected).
Statistics
The results presented in tables and in figures are expressed as means and SDs. The statistical significance of differences for paired samples was tested using the non-parametric Wilcoxon test, and non-asymptotic, exact, two-sided P values are presented. Significance was set at P < 0.05. The non-parametric test with the exact P values was used because of the relatively small sample size (11 subjects). With 11 data points, it is not possible reliably to verify the assumption of normality needed for an application of standard parametric tests, such as Student's t test. For the non-parametric Wilcoxon signed-ranks test, one needs to assume the only symmetry of the distribution with respect to its median. The statistics was done using the statistical packet Statistica 10.0 (StatSoft, Tulsa, OK, USA) and StatXact 9.0 (Cytel Software Corp., Cambridge, MA, USA).
Results
In the studied group of 11 young, healthy men, no significant changes (P > 0.05) in body mass (76.3 ± 15.0 versus 76.3 ± 13.2 kg, respectively, before and after the training) and body mass index (23.2 ± 3.8 versus 23.3 ± 3.3 kg m −2 , respectively, before and after the training) were reported. We have found no effect of training on the resting systolic (127 ± 11.2 versus 120 ± 10.4 mmHg, respectively, before and after the training, P = 0.11) and diastolic blood pressure (76 ± 11.2 versus 77 ± 6.5 mmHg, respectively, before and after the training, P = 0.78).
Physical exercise capacity before and after endurance training
The endurance training programme resulted in a significant increase in the PO reached atV O 2 max (by ß12%; Table 1 ) accompanied by a significant increase in the time to exhaustion (Table 1) . Moreover, an increase in PO at the LT (by ß7%; Table 1 ) was observed after training. No significant changes in maximal heart rate (P = 0.92) oṙ V O 2 max after the training programme were found (ß3%, P = 0.24, Table 1 ).
Haematological parameters and lipid profile before and after endurance training
No significant changes (P > 0.05) in red blood cell count, haematocrit and haemoglobin concentration were found after the endurance training programme (Table   1) . A clear tendency to lower basal serum triacylglycerol concentration (ß16%, P = 0.054) was found after the endurance training in view of no changes (P > 0.05) in total cholesterol and high-and low-density lipoprotein concentrations (Table 1) .
Exercise and training-induced plasma volume change
The basal plasma volume change after training amounted to −0.22 ± 4.63%. The decrease in plasma volume during a single bout of strenuous incremental exercise performed before the endurance training programme amounted to 12.4 ± 5.6% and was not significantly different (P = 0.12) from the plasma volume change during exercise performed after the training (16.2 ± 3.5%).
Basal serum syndecan-1, heparan sulfate and hyaluronic acid concentrations before and after endurance training
Endurance training resulted in a significant decrease in basal serum syndecan-1 concentration (ß43%, P = 0.001 (Fig. 1A) and serum basal serum heparan sulfate concentration (ß77%, P = 0.01; Fig. 1B) . A decrease in basal serum hyaluronic acid concentration was not significant (P = 0.23; Fig. 1C Endurance training resulted in a clear tendency to higher basal plasma 6-keto-PGF 1α concentration (ß21%, P = 0.06; Fig. 1D ). No significant changes (P > 0.05) in the concentrations of NO
• metabolites, i.e. plasma nitrite (Fig. 1E) and nitrate (Fig. 1F) , were noticed. No significant change in the ratio of nitrite to nitrate concentration after the training was found (P > 0.05).
Basal plasma F 2 -isoprostane concentration, plasma uric acid concentration, NEAC and urea 8-oxo-2 -deoxyguanosine concentration before and after endurance training A significant decrease (ß59%, P = 0.001) in basal plasma concentration of F 2 -isoprostanes ( Fig. 2A) accompanied by a clear tendency to higher plasma NEAC (P = 0.054, Fig. 2B ) was found after the training. No effect of training (P > 0.05) on the plasma uric acid concentration (Fig. 2C ) and no significant changes in urea 8-oxo-2 -deoxyguanosine concentration (Fig. 2D) were reported after training. Superoxide dismutase 2 protein content in vastus lateralis muscle before and after endurance training A significant increase (ß48%, P = 0.01; Fig. 2E ) was found in the content of SOD2 protein in vastus lateralis muscle after the endurance training.
Basal serum sICAM-1, sVCAM-1, CRP and plasma TNF-α before and after endurance training A tendency to lower basal serum sICAM-1 concentration (ß6%, P = 0.06; Fig. 3A ) was found after the training in view of no change in sVCAM-1 concentration (P = 0.32; Fig. 3B ). Moreover, no significant change in serum CRP concentration (0.402 ± 0.300 versus 0.385 ± 0.330 mg l −1 , P = 0.48) and plasma TNF-α were found after the training (P = 0.37; Fig. 3C ).
End-exercise serum syndecan-1, heparan sulfate and hyaluronic acid concentrations before and after endurance training Endurance training resulted in a significant decrease in end-exercise serum syndecan-1 concentration (ß58%, P = 0.001; Fig. 4A ) and heparan sulfate concentration (ß69%, P = 0.01; Fig. 4B ). The increase in end-exercise [hyaluronic acid] s after the training was not significant (P = 0.14; Fig. 4C ).
End-exercise plasma nitrite, nitrate and 6-keto-PGF 1α concentrations before and after endurance training
No significant changes in plasma 6-keto-PGF 1α concentration at exhaustion after the training was noticed (P > 0.05; Fig. 4D ). A significant decrease in end-exercise plasma nitrite concentration after the training was reported (ß82%, P = 0.003; Fig. 4E ) in view of no changes in end-exercise plasma nitrate concentration (P = 0.84; Fig. 4F ). A significant training-induced decrease in end-exercise plasma nitrite to nitrate ratio (ß82%, P = 0.002) was found.
End-exercise serum sICAM-1, sVCAM-1 and plasma TNF-α concentrations before and after endurance training
Endurance training resulted in a significant decrease in end-exercise [sICAM-1] s (ß17%, P = 0.002; Fig. 5A ). No significant changes in end-exercise [sVCAM-1] s (P = 1.0; Fig. 5B ) or [TNF-α] pl (P = 0.49; Fig. 5C ) were observed.
End-exercise plasma uric acid before and after endurance training
After the training, no significant change (P = 0.76; Fig. 5D ) in end-exercise plasma uric acid concentration was found. Endurance training and endothelial glycocalyx integrity
Discussion
The main and original finding of this study is that 20 weeks of moderate-intensity endurance training performed in a group of previously untrained but physically active men attenuates endothelial glycocalyx layer shedding as judged by significantly lower basal and end-exercise serum concentrations of glycocalyx damage markers, i.e. syndecan-1 (Figs 1A and 4A ) and heparan sulfate (Figs 1B and 4B) . This enhancement of glycocalyx layer stability was accompanied by a reduction in oxidative stress ( Fig. 2A) and an improvement of antioxidant defence ( Fig. 2B and E) . In contrast, after the training there were no changes in basal plasma nitrite (Fig. 1E ) and nitrate concentrations (Fig. 1F) , although a tendency (P = 0.06) was observed to higher basal plasma concentration of 6-keto-PGF 1α , a stable metabolite of prostacyclin (Fig. 1D) . Moreover, no effect of training on the basal and end-exercise sVCAM-1, TNF-α and CRP concentrations was found; however, the training resulted in a reduction of the basal and end-exercise sICAM-1 concentration (Figs 3A and 5A). Overall, our study showed protective effects of moderate-intensity endurance training on endothelial glycocalyx layer integrity accompanied by attenuation of oxidative stress and enhancement of antioxidant defence.
Plasma volume, red blood cells and haemoglobin concentration after the endurance training programme
In the present study, we observed no significant changes in the basal red blood cell count, haemoglobin (Table 1) or plasma volume. Based on earlier observations (Montero et al. 2015) , one would expect to see an increase in red blood cell count, haemoglobin and plasma volume after 20 weeks of moderate-intensity endurance training. The lack of changes after training in the blood variables related to the capacity for oxygen delivery observed in the present study is most probably because we applied moderate-intensity endurance training bouts (average intensity corresponding to ß50% ofV O 2 max , i.e. ß110 W) of a modest duration (40 min) performed four times per week, which appeared to be insufficient to induce an adaptive response in these haematological parameters. It should be noticed that in the aforementioned study by Montero et al. (2015) the subjects performed longer exercise bouts (lasting 60 min) of higher intensity (corresponding on average to 65% of maximal power output reached during incremental exercise, i.e. at ß188 W).
As presented in the Results section, we found a significant exercise-induced decrease in the plasma volume both before and after training. The decrease in plasma volume was more pronounced during exercise performed after the training (amounting to 12.4 ± 5.6 versus 16.2 ± 3.5%, respectively, before and after training), although not statistically significant (P = 0.12). The ß30% greater decrease in plasma volume after training can be explained by the fact that the maximal incremental exercise test performed P = 0.001 P = 0.054 P = 1.0 after training lasted longer, and in its final stage, the subjects generated significantly higher POs then before the endurance training (Table 1 ). This could lead to a greater plasma volume decrease.
Physical exercise capacity after endurance training
The endurance training programme increased physical capacity as judged by an increase in PO reached at LT (P = 0.02; Table 1 ) and the PO reached atV O 2 max (P = 0.002; Table 1 ). These results were presented earlier for a similar group of subjects . Despite a significant increase in the PO reached at the LT and at theV O 2 max , the increase inV O 2 max (ß3%) after the training did not reach statistical significance (Table 1) . This is in agreement with earlier studies showing that an increase inV O 2 max requires training at high intensities (Bacon et al. 2013) , sufficient to enhance oxygen delivery to the working muscles, which is considered to be the key factor determiningV O 2 max in humans (see e.g. Saltin & Calbet, 2006) . In the present study, we observed a significant increase in the power-generating capabilities atV O 2 max after training, which could result from the training-induced enhancement of muscle metabolic stability at submaximal and maximal exercise intensities (Zoladz et al. 2006 (Zoladz et al. , 2008 , resulting in greater resistance to fatigue (Majerczak et al. 2012; Grassi et al. 2015) .
Oxidative stress and antioxidant defence before and after training
The applied endurance training enhanced muscle and blood antioxidant defence as judged by an increase (P = 0.01) in SOD2 content in the vastus lateralis (Fig. 2E) and by a clear tendency (P = 0.054) to higher basal plasma NEAC (Fig. 2B) . It should be mentioned that NEAC, despite providing short-term information about redox homeostasis in the plasma, does not reflect the total capacity of the antioxidant barrier because it excludes antioxidant enzyme activity (Bartosz, 2010) . However, in the present study the redox homeostasis balance before and after the training was estimated based on the concentration of F 2 -isoprostanes, the marker of lipid peroxidation ( Fig. 2A) , and the SOD2 content in vastus lateralis (Fig. 2E) . Our results are in line with
[NO the study by Gomez-Cabrera et al. (2008) , showing that regular moderate-intensity exercise is a potent enhancer of antioxidant status because, among other things, it enhances the expression of antioxidant genes, including the mitochondrial isoform of superoxide dismutase (SOD2; Hollander et al. 2001) . The training-induced increase in antioxidant defence (Fig. 2B and E) and decrease in oxidative stress ( Fig. 2A) might be partly responsible for the observed enhancement of exercise tolerance and resistance to fatigue (see Table 1 ), as previously postulated by others (for review see Grassi et al. 2015) . Indeed, it has been demonstrated that an increase in antioxidant defence, for instance by using pharmacological antioxidants (administration pf N-acetyl cysteine), delays muscle fatigue (see, e.g. Reid et al. 1994) , which is in accordance with our results (see Fig. 2A and E and Table 1 ).
Basal endothelial glycocalyx layer integrity before and after training
In the present study, we have found that 20 weeks of moderate-intensity endurance training (ß80 exercise sessions in total) decreases basal glycocalyx layer shedding, as judged by a significant reduction of the serum concentrations of glycocalyx layer constituents, i.e. syndecan-1 (Fig. 1A ) and heparan sulfate (Fig. 1B) . The decrease in basal hyaluronan concentration did not reach statistical significance (Fig. 1C) . It was reported that circulating heparan sulfate and syndecan-1 indicate glycocalyx shedding (Rehm et al. 2007 ); hence, a decrease in these freely flowing glycocalyx constituents reflects better preservation of the glycocalyx layer after the endurance training programme.
In physiological conditions, the glycocalyx is subject to a permanent dynamic balance between synthesis of glycosaminoglycans and shear-dependent removal of existing constituents (Reitsma et al. 2007 ). The loss of glycocalyx constituents is accelerated by ROS, oxidized lipoproteins, hyperglycaemia (see Reitsma et al. 2007) , cytokines (Chappell et al. 2009 ) and abnormal shear stress (Gouverneor et al. 2006) . It is well established that each exercise bout is accompanied, not only by a blood flow-dependent endothelial response (for review see Dawson et al. 2013) , but also by an increase in ROS production (Gomez-Cabrera et al. 2008 ; Powers et al. 2011) and inflammation (Ostrowski et al. 1999) . Hence, exercise itself, especially high-intensity exercise, might increase endothelial glycocalyx shedding because of ROS production (Lovlin et al. 1987) , mainly by the skeletal muscles and heart, but also the lungs, white blood cells and vessel walls (Powers et al. 2011) . It should be emphasized that the glycocalyx is one of the most oxidation-sensitive components of the internal layer of the vessels (van Golen et al. 2014) . Superoxide and nitric oxide derivates, such as hydroxyl radicals, carbonate radical anions and hypochlorus acid, have been shown to destroy glycosaminoglycan chains directly (van Golen et al. 2014) . Reactive oxygen species have also been shown to increase the content of heparanase, an enzyme that specifically degrades heparan sulfate proteoglycans (Rao et al. 2011) . As demonstrated in muscle capillaries of mice, glycocalyx degradation by ROS and reactive nitrogen species (ischaemia-reperfusion) could be prevented by neutralizing superoxide and hydrogen peroxide by addition of antioxidant enzymes (Rubio-Gayosso et al. 2006) . Therefore, it seems that the training-induced increase in antioxidant defence, as judged by an increase in SOD2 content in the vastus lateralis (Fig. 2E) , and a decrease in oxidative stress, reflected by a decrease in plasma F 2 -isoprostanes ( Fig. 2A) , might explain the training-induced attenuation of shedding of the glycocalyx layer.
Interestingly, we have recently reported that in healthy young men with normal physical capacity the endothelial glycocalyx layer is rather resistant to the oxidative stress and inflammatory response induced by incremental exercise performed until exhaustion (Majerczak et al. 2016) . Nonetheless, one should take into account that in the aforementioned study (Majerczak et al. 2016) , the strenuous part of the exercise lasted ß10 min. Therefore, a strenuous exercise bout of longer duration and/or performed by more susceptible subjects might be accompanied by an increase in glycocalyx shedding and transient endothelial dysfunction. Moreover, repeated exercise bouts, such as during physical training, might also increase removal of shear-dependent glycocalyx constituents. However, in the present study, we have found that moderate-intensity endurance training lowers glycocalyx shedding in the basal state ( Fig. 1A and B) and during exhaustive exercise ( Fig. 4A and B) .
According to studies showing the negative impact of oxidative stress on the integrity of the glycocalyx layer (van Golen et al. 2014) , it seems that the training-induced increase in antioxidant defence, as judged by an increase in SOD2 content in the vastus lateralis (Fig. 2E) , and a decrease in oxidative stress, reflected by a decrease in plasma F 2 -isoprostanes ( Fig. 2A) , might explain the training-induced attenuation of glycocalyx layer shedding. Moreover, a lowering of the sICAM-1 concentration after the training in the basal state and at the end of exhaustive exercise (Figs 3A and 5A) , which might be related to ROS-dependent downregulation of pro-inflammatory genes (Baeuerle & Henkel, 1994) , also seems to be involved in training-induced glycocalyx protection (Chappell et al. 2009 ). In summary, these results show that prolonged moderate-intensity endurance training protects the endothelial surface glycocalyx layer (Figs 1A and B and 4A and B) mainly through an enhancement of antioxidant defence (Fig. 2E ) and a decrease in oxidative stress ( Fig. 2A) .
Basal nitrite, nitrate and PGI 2 concentrations before and after training Nitric oxide, PGI 2 and endothelium-derived hyperpolarizing factor are vasodilators released by the endothelium in response to the activation of transient receptor potential channels (TRPVs), which are sensitive to endogenous ligands, heat and mechanical (i.e. shear stress) and osmotic stress (Baylie & Brayden, 2011) . It is well known that the glycocalyx layer ensures proper endothelial cell functioning mainly by adequate shear-dependent NO
• generation (Florian et al. 2003; Yen et al. 2015) , whereas prostacyclin production in response to TRPV activation is independent of glycocalyx integrity (Tarbell & Ebong, 2008) . Given that an impairment of NO
• -dependent relaxation of vascular smooth muscle cells is recognized as a key factor in development of atherosclerosis, hypertension and coronary artery disease (Della Rocca & Pepine, 2010) , training-induced attenuation of endothelial glycocalyx layer degradation, as found in the present study, seems to be an important vasoprotective mechanism leading to enhancement of NO • bioavailability.
In the present study, NO • bioavailability was estimated by measuring NO
• metabolites, i.e. plasma concentrations of nitrite and nitrate, which are oxidative products of NO
• metabolism and are used to quantify endogenous NO
• formation (Kelm, 1999) . It has been shown that in human plasma almost all circulating nitrite is derived from the L-arginine-NO
• pathway, whereas plasma nitrate is largely influenced by diet, liver metabolism and gastric production (Lauer et al. 2001) . It is suggested that plasma nitrite, which is reliably measurable in humans, might indicate endothelial dysfunction, because it is correlated with cardiovascular risk factors (Kleinbongard et al. 2006) .
The results of the present study have revealed that prolonged moderate-intensity endurance training, which attenuated basal glycocalyx layer shedding (Fig. 1A  and B) , was accompanied by no significant changes in basal plasma nitrite (Fig. 1E ) and nitrate concentrations (Fig. 1F) . Therefore, it seems that an increase in glycocalyx layer stability after the training has no effect on NO
• bioavailability. It should be mentioned, however, that the results concerning the effect of training on the blood nitrite and nitrate concentrations in humans are conflicting. Moderate-intensity endurance training lasting 3 months has been accompanied by an increase in NO • bioavailability in sedentary, elderly women (Maeda et al. 2001) . Moreover, in the study by Vassalle et al. (2003) a significantly higher nitric oxide release was found in endurance-trained athletes when compared with sedentary subjects. On the contrary, Otsuki et al. (2007) found no difference in plasma nitrite and nitrate concentrations between endurance-trained athletes, strength-trained and control subjects. From a methodological point of view, it needs to be clarified that NO
• , once released into the vascular lumen, can undergo not only oxidation to nitrite and nitrate, but also nitrosylation, nitrosation (Kelm, 1999) or a reaction with superoxide leading to peroxynitrite (Pacher et al. 2007 ). Therefore, one should take into account measurements of all metabolites of NO
• when establishing NO
• bioavailability. Interestingly, it is suggested that NO
• , through its reaction with superoxide to form peroxinitrite, might exert a protective effect on the glycocalyx layer, because peroxinitrite is subsequently scavenged by urate (Kuzkaya et al. 2005) . Peroxinitrite (ONOO − ) has been found to increase eNOS uncoupling, which leads to an enhancement of superoxide production, resulting in a decrease of NO
• generation. Kuzkaya et al. (2005) have demonstrated in a cell-free model that peroxynitrite preferentially reacts with urate compared with other plasma antioxidants, i.e. ascorbate or cysteine. Furthermore, by using the bovine endothelial cell model they have confirmed the reducing properties of urate in effective scavenging of peroxynitrite and its protective role on eNOS uncoupling caused by ONOO − .
End-exercise endothelial glycocalyx stability before and after training
In the present study, an attenuation of glycocalyx layer shedding after moderate-intensity endurance training was observed in the basal state ( Fig. 1A and B) and at the end of incremental exercise ( Fig. 4A and B ). An insignificantly higher end-exercise hyaluronic acid concentration (P = 0.14) after the endurance training might be the result of a lower clearance of hyaluronic acid by sinusoidal liver endothelial cells attributable to greater exercise-induced lowering of liver blood flow (Smedstød, 1991) . The end-exercise reduction in glycocalyx layer shedding after the training was observed despite a significant increase in maximal PO and exercise duration (Table 1) . Interestingly, despite the lack of effect of training on the nitrite and nitrate concentrations in the basal state ( Fig. 1E and F) , we found a significantly lower end-exercise plasma nitrite concentration (Fig. 4E ) and lower nitrite-to-nitrate ratio after endurance training when compared with exercise performed before the training. This result might suggest a greater rate of reduction of nitrite to NO • during exercise performed after the training.
Although nitrite is a natural end-product of NO
• oxidation, it also might be a source of nitric oxide in a one-electron reduction reaction (Lundberg & Weitzberg, 2005) . It has been known for a long time that nitrite has a vasodilatory function (Furchgott & Bhadrakom, 1953) . In physiological conditions, some enzymes are potent to catalyse nitrite reduction, mainly in hypoxic and acidotic conditions, including xanthine oxidase (Millar et al. 1998) , deoxyhaemoglobin (Cosby et al. 2003) and carbonic anhydrase (Aamand et al. 2009 ). It has been demonstrated by Modin et al. (2001) that even a physiological nitrite concentration in acidic conditions induces NO
• -dependent vasodilatation independently of eNOS activity. As suggested, the reduction of nitrite to NO
• can explain the poorly understood physiological mechanism known as 'acidic-metabolic' vasodilatation (Modin et al. 2001) . Some authors suggest that the mechanism for nitrite-induced vasorelaxation is largely intrinsic to the vessel and that during hypoxia the physiological nitrite concentrations are sufficient to induce NO
• -mediated vasodilatation independently of the nitrite reductase activities (Dalsgaard et al. 2007) .
Our result concerning the training-induced reduction of the end-exercise nitrite concentration (Fig. 4E) might be explained by a greater rate of nitrite reduction during exercise performed after the training. This might be attributable to a higher rate of enzymatic nitrite reduction by deoxyhaemoglobin, carbonic acid anhydrase and/or xanthine oxidase during exercise performed after the training programme. The background to this interesting result (Fig. 4E) is, however, unclear and needs further studies. Indeed, it has been reported by Prieur & Mucci (2013) , using near-infrared spectroscopy, that endurance training leads to an enhancement of muscle deoxygenation, i.e. higher increase in deoxyhaemoglobin during incremental exercise. This result suggests that a training-induced increase in deoxyhaemoglobin during incremental exercise, as found previously (Prieur & Mucci, 2013) , might also cause a greater rate of nitrite reduction, as observed in our study, most probably leading to an enhancement of NO
• bioavailability (Lundberg & Weitzberg, 2005) .
Conclusions
We have concluded that moderate-intensity endurance training exerts a pronounced protective effect on the endothelial glycocalyx layer at rest and during exercise in humans despite the lack of clear-cut effects on NO
• and PGI 2 -dependent function. We postulate that the improvement of glycocalyx layer integrity observed in the present study resulted from training-induced attenuation of oxidative stress and strengthened antioxidant defence.
Study limitations
Although our results suggest that a decrease in freely flowing glycocalyx variables in blood (syndecan-1 and heparan sulfate) might represent better preservation of the glycocalyx after the endurance training, we cannot exclude the possibility that other mechanisms could be responsible for the described phenomenon, such as a greater removal of glycocalyx constituents via the kidney after the training. Moreover, the findings from our study concerning the reported effect of endurance training on the endothelial glycocalyx status relate to healthy young men only; therefore, this issue needs further studies involving varied groups of subjects, including healthy young women, elderly people and patients.
